Introduction {#s1}
============

Tight association between sister chromatids is crucial for successful chromosome segregation in eukaryotic cell division. Cohesin, a ring-shaped protein complex that wraps around sister chromatids ([@bib11]; [@bib12]) is the molecular agent of sister chromatid cohesion, which persists from the time of DNA replication until anaphase. A distinct protein complex containing Scc2^NIPBL^ and Scc4^Mau2^ (Scc2/4) initiates linkage of cohesin with DNA ([@bib4]), and an in vitro reconstitution of cohesin loading by Scc2/4 suggests that the product of this reaction is a topological protein--DNA linkage ([@bib23]). In metazoans, cohesin deposition by Scc2/4 is required for normal development ([@bib5]; [@bib17]), and mutations in NIPBL, the human homolog of Scc2, are dominant and causally linked to a severe developmental disorder, Cornelia de Lange Syndrome (CDLS) ([@bib19]).

In addition to initiating a connection between cohesin and chromatin, Scc2/4 determines the timing and location of cohesin loading ([@bib4]; [@bib18]). Cohesin enrichment at mitotic centromeres and pericentromeres results in tension across sister chromatids when paired kinetochores attach to opposite spindle microtubules ([@bib36]). Mitotic spindle checkpoint signaling senses the tension between sister centromeres to ensure correct kinetochore--microtubule attachments ([@bib35]). Defective centromeric cohesion therefore leads to elevated rates of chromosome missegregation ([@bib7]; [@bib9]).

Centromeric cohesion depends on recruitment of Scc2/4 to centromeres in late G1/early S phase ([@bib14]; [@bib10]). A group of conserved kinetochore proteins---the Ctf19 complex in yeast (homologous to the human CCAN)---participates in this recruitment pathway, along with the S phase kinase complex, DDK ([@bib9]; [@bib14]; [@bib24]). Deletion of any of several Ctf19 complex members leads to impaired centromeric cohesion and chromosome missegregation ([@bib7]; [@bib9]; [@bib25]; [@bib14]), but whether individual components make direct contact with Scc2/4 is not yet known.

The cohesin loading activity of Scc2/4 in vitro requires only Scc2 ([@bib23]). Scc4 is essential in yeast, however, and in humans, de novo Mau2^Scc4^ missense and nonsense mutations are significantly underrepresented in exome sequences, indicating that disruption of Mau2^Scc4^ function is probably dominant and lethal ([Table 1](#tbl1){ref-type="table"}). Thus, Scc2 activity in vivo must depend on Scc4 in ways not recapitulated by the in vitro loading reaction. We report here the structure of yeast Scc4 in complex with an N-terminal fragment of Scc2 and demonstrate that Scc4 determines cohesin localization through a conserved patch on its surface. These findings show that Scc4 targets cohesin loading to a specific genomic locus and that this function is separable from its essential role in establishing sister chromatid cohesion across the genome.10.7554/eLife.06057.019Table 1.*De novo* mutation profiles for human NIPBL and Mau2**DOI:** [http://dx.doi.org/10.7554/eLife.06057.019](10.7554/eLife.06057.019)ObservedExpectedNIPBL Synonymous5858.4 Missense88160.9 Loss of function018.4Mau2 Synonymous2526.6 Missense1352.7 Loss of function03.8

Results {#s2}
=======

Structure of an Scc2^1--181^/Scc4 complex {#s2-1}
-----------------------------------------

We prepared full-length Scc2/4 by co-expressing both proteins in baculovirus-infected insect cells. Scc2 is a 1493 amino acid residue protein predicted to have an unstructured N-terminal segment and a C-terminal HEAT (Huntington, EF3, PP2A, TOR1)/ARM (Armadillo) repeat domain ([Figure 1A](#fig1){ref-type="fig"}). Scc4, also conserved among nearly all eukaryotes, is predicted to have an extensive TPR (TetratricoPeptide Repeat) architecture. Negative stain electron microscopy of the full-length complex showed two large globular structures, variably positioned relative to each other, which we interpret as corresponding to the Scc2 HEAT repeat module and Scc2^N^-Scc4 ([Figure 1B](#fig1){ref-type="fig"}). We used limited proteolysis and mass spectrometry to identify an Scc4-containing subcomplex ([Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"}). An N-terminal fragment of Scc2 (residues 1--181 or 1--205) is sufficient for stable association with full-length Scc4 ([Figure 1C](#fig1){ref-type="fig"}). Both the truncated complex of Scc2^1--181^/Scc4 and full-length Scc2/4 are heterodimers in solution ([Figure 1---figure supplement 1B](#fig1s1){ref-type="fig"}).10.7554/eLife.06057.003Figure 1.Purification of the cohesin-loading complex.(**A**) Domain organization of Scc2/4. Dotted lines show the Scc2--Scc4 interaction. An arrow indicates the position of a regulated cleavage site ([@bib39]). (**B**) Negatively stained Scc2/4 visualized by electron microscopy. Individual particles are shown. (**C**) Gel filtration chromatograms and SDS-PAGE show that Scc2^FL^/Scc4 (magenta, left inset) and Scc2^1--181^/Scc4 (purple, right inset) form stable complexes (\* marks an Scc2 cleavage product).**DOI:** [http://dx.doi.org/10.7554/eLife.06057.003](10.7554/eLife.06057.003)10.7554/eLife.06057.004Figure 1---figure supplement 1.Purification and characterization of an Scc2^N^--Scc4 complex.(**A**) Full-length recombinant Scc2/4 was digested with trypsin and analyzed by gel filtration. Fractions from peak B contain full-length Scc4 and the N-terminal 181 or 205 residues of Scc2. A scaled absorbance (A280) trace is shown above for reference. (**B**) SEC-MALS to determine the molecular weight of Scc2^FL^-Scc4 (top) and Scc2^1--181^-Scc4 (bottom). Dotted lines show calculated molecular weights for intact complexes. The measured molecular weights were as follows: 238.3 kDa for Scc2^FL^-Scc4; 104.1 kDa for Scc2^1---181^-Scc4^WT^; 100.3 kDa for Scc2^1--181^-Scc4^F324A;\ K327A;\ K331A^; 103.0 kDa for Scc2^1--181^-Scc4^K541A^; ^K542A^; and 98.8 kDa for Scc2^1--181^-Scc4^L256A;\ Y298A;\ K299A;\ Y313A;\ F324A;\ K327A;\ K331A^.**DOI:** [http://dx.doi.org/10.7554/eLife.06057.004](10.7554/eLife.06057.004)

We obtained crystals of full-length Scc4 in complex with an N-terminal, 181-residue fragment of Scc2. Diffraction data collected from selenomethionine-substituted derivatives of these crystals allowed us to determine initial phases by single wavelength anomalous dispersion (SAD). We used an incomplete model, built into a 2.8 Å resolution map, to obtain phase information by molecular replacement for diffraction data from crystals of a native protein complex, extending to a minimum Bragg spacing of 2.1 Å. Our final model includes residues 5--383, 390--527, and 536--622 of Scc4 and residues 1--64, 73--95, and 106--132 of Scc2 ([Figure 2A](#fig2){ref-type="fig"}).10.7554/eLife.06057.005Figure 2.Crystal structure of the Scc2^1--181^/Scc4 complex.(**A**) Rotated views of the Scc2^1--181^/Scc4 complex. Scc2 is shown in gray as a cartoon and transparent surface. Individual Scc4 repeats (R1-13) are colored as indicated in (**B**).**DOI:** [http://dx.doi.org/10.7554/eLife.06057.005](10.7554/eLife.06057.005)10.7554/eLife.06057.006Figure 2---figure supplement 1.Comparison of Scc2^N^-Scc4 with structural homologs.(**A**) Scc2^N^--Scc4 crystal structure superimposed onto the crystal structure of the TPR domain of kinesin light chain 2 (teal) in complex with a cargo peptide (green; PDB 3ZFW). (**B**) Scc2^N^--Scc4 crystal structure superimposed onto the crystal structure of a complex between LGN (teal) and NuMA (green; PDB 3RO2). In both cases, Scc4 TPR^N^ is colored dark gray, and Scc4 TPR^C^ is colored light gray. Only Scc2 residues in contact with the internal surface of Scc4 TPR^N^ (Scc2^G31-V64^) are shown in magenta. For clarity, the remainder of Scc2 is either colored light gray (Scc2^1--30^) or it is not shown (Scc2^65--132^).**DOI:** [http://dx.doi.org/10.7554/eLife.06057.006](10.7554/eLife.06057.006)10.7554/eLife.06057.007Figure 2---figure supplement 2.Structure and conservation of Scc2^N^.(**A**) Scc2 amino acid residues 5--40 are shown and colored according to conservation across diverse eukaryotes. *2Fo − Fc* map contoured at 1.8σ is shown. Boxes indicate a subset of residues mutated in (**C**). (**B**) Alignment of Scc2 amino acid sequences from diverse eukaryotes. The N-terminal fragments from all included sequences were selected, and the alignment was recalculated for this region (shown). Redundant sequences and sequences lacking this fragment of Scc2 have been removed. (**C**) *SCC2* alleles under the control of their native promoter were tested for the ability to restore viability to an *SCC2-AID* strain in depletion conditions (500 µM auxin). Δ1-138 indicates removal of Scc2 residues 1--138. 192^STOP^ indicates removal of all residues following Scc2^Leu192^. Scc2^V1361R^ mimics a CDLS-associated NIBPL allele found in a human patient ([@bib37]).**DOI:** [http://dx.doi.org/10.7554/eLife.06057.007](10.7554/eLife.06057.007)10.7554/eLife.06057.008Figure 2---figure supplement 3.Complementation of Scc4 repression by Scc2.*SCC2* or *SCC4* under the control of its native promoter was tested for the ability to restore viability to a *pGAL1-SCC4* strain in depletion conditions (2% glucose \[wt:vol\]). *scc2*^*Δ1--138*^ indicates removal of Scc2 residues 1--138.**DOI:** [http://dx.doi.org/10.7554/eLife.06057.008](10.7554/eLife.06057.008)

Scc4 is a superhelical array of 13 TPR modules with a beta ribbon insertion between repeats 6 and 7 ([Figure 2B](#fig2){ref-type="fig"}). This tightly wrapped solenoid brings successive turns in contact with each other, and the concave surface becomes an axial groove. Repeat 8, which has a particularly long first helix, lacks a second helix and has instead an extended segment with a disordered surface loop. This irregularity divides the solenoid into two subdomains, TPR^N^ (Scc4^1--384^) and TPR^C^ (Scc4^391--624^) ([Figure 2A](#fig2){ref-type="fig"}).

Residues 10--50 of Scc2 snake along the continuous inner cavity of Scc4 and emerge at both ends, with the N-terminus of Scc2 close to the C-terminus of Scc4. Examples of similar TPR-peptide interfaces include the interaction of the kinesin light chain with cargo peptides ([Figure 2---figure supplement 1A](#fig2s1){ref-type="fig"}) ([@bib32]) and the interaction of the cell polarity-determining LGN protein with its binding partners nuclear mitotic apparatus protein 1 (NuMA) and mInscutable ([Figure 2---figure supplement 1B](#fig2s1){ref-type="fig"}) ([@bib40]). The extended conformation of Scc2^1--181^ clearly depends on its contacts with the surrounding Scc4; it is likely to be unstructured in the absence of its partner. The Scc2--Scc4 interaction has two unusual features. First, the concave surface of Scc4 is entirely enclosed, and Scc2 dissociation would therefore require either unfolding or proteolysis of Scc2 or Scc4. In fact, regulated proteolysis of Scc2 has been reported recently ([@bib39]). Second, residues 58--132 of Scc2 extend beyond the axial groove and make extensive contact with the external surface of Scc4.

Conserved Scc2--Scc4 contacts {#s2-2}
-----------------------------

Human Mau2^Scc4^ binds the N-terminus of human NIPBL^Scc2^ ([@bib3]), but the primary sequence of NIPBL bears little resemblance to that of Scc2^1--181^. We compiled sequence alignments for the N-terminus of Scc2 from divergent eukaryotes, including yeasts and humans, and mapped amino acid conservation onto its structure ([Figure 2---figure Supplement 2A,B](#fig2s2){ref-type="fig"}). Despite their low level of overall sequence conservation, Scc2/NIPBL proteins have conserved amino acid residues at buried positions that contact Scc4. Several Scc2--Scc4 contacts on the external face of Scc4 are also conserved, including Scc2^F86^, which stacks onto Scc4^Y40-Y41^, and Scc2^112--120^, which forms a helix that fits over a hydrophobic surface on Scc4 TPR^N^. We found that Scc2 variants mutated at conserved residues contacting either the concave or the external surface of Scc4 were less effective than wild-type Scc2 in restoring viability to an Scc2-degron (*SCC2-AID*) strain under depletion conditions ([Figure 2---figure supplement 2C](#fig2s2){ref-type="fig"}). The phenotype of these mutants was comparable to the phenotype we observed when we removed the entire Scc2 fragment visible in the crystal structure (Δ1--138).

If cohesin loading can occur in the absence of Scc4 in vitro ([@bib23]) and to some extent in the absence of the Scc4-binding region of Scc2 in vivo, why is *SCC4* an essential gene? We found that supplementing the chromosomal copy of *SCC2* with a plasmid coding for Scc2 or Scc2^Δ1--138^ complemented transcriptional repression of *SCC4* (*pGAL1-SCC4*). That is, increasing the *SCC2* gene copy number bypassed the effect on viability of transcriptional repression of *SCC4*, and the bypass did not require the Scc4-binding region of Scc2 ([Figure 2---figure supplement 3](#fig2s3){ref-type="fig"}). Because this region of Scc2 is probably unstructured when not bound by Scc4, it is a plausible cause of instability or aggregation when expressed unprotected. One reason why Scc4 is essential may therefore be that Scc2 is unstable in its absence.

A conserved surface patch on Scc4 {#s2-3}
---------------------------------

Mapping Scc4 sequence conservation onto our structure revealed a cluster of extremely conserved, solvent-facing residues, some of them invariant among all eukaryotes we examined ([Figure 3A,B](#fig3){ref-type="fig"}). We found unaccounted-for electron density in this patch, into which we modeled a sulfate group. Because bound sulfates often mark phosphate binding sites in crystal structures ([@bib2]), we tested the effects of mutating conserved residues that contribute to this patch. Strains in which the endogenous copy of *SCC4* had been replaced by *SCC4* coding for mutations at these residues were viable but displayed a plasmid missegregation phenotype ([Figure 3---figure supplement 1A](#fig3s1){ref-type="fig"}). Combined mutation of seven of the most conserved residues (*scc4*^*L256L;\ Y298A;\ K299D;\ Y313A;\ F324A;\ K327D;\ K331D*^; *scc4*^*m7*^) did not inactivate Scc4, as strains bearing these substitutions were fully viable and had a plasmid segregation phenotype comparable in strength to that of strains bearing mutations only at positions 324, 327, and 331 (*scc4*^*F324A;\ K327D;\ K331D*^; *scc4*^*m3*^) ([Figure 3---figure supplement 1B,C](#fig3s1){ref-type="fig"}). Recombinant Scc2^1--181^-Scc4 complexes bearing these mutations behaved identically to wild-type preparations ([Figure 1---figure supplement 1B](#fig1s1){ref-type="fig"}), indicating that perturbation of the conserved Scc4 patch does not impair the stability or folding of the rest of the protein.10.7554/eLife.06057.009Figure 3.A conserved patch on the surface of Scc4.(**A**) Surface view of Scc4 colored according to primary sequence conservation across eukaryotes. Inset shows the Scc4-conserved patch with mutated residues labeled and colored according to their effect on plasmid segregation fidelity ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). (**B**) Multiple sequence alignment of Scc4 and homologs from fungi and metazoans. Alignment is colored by conservation according to the color scheme in (**A**). (**C**) Plasmid missegregation was measured for the indicated strains (*scc4*^*m3*^---*scc4*^*F324A;\ K327D;\ K331D*^; error bars indicate SD; \* p \< 0.05, Student\'s t-test vs WT, two tails; n.s. indicates p \> 0.05.). The dotted line shows the rate of plasmid segregation in a WT background. (**D**) Spindle length measurements for each indicated strain arrested in S phase with hydroxyurea. The dotted line shows the WT mean spindle length (error bars indicate SD; \* p \< 0.05, Student\'s t-test vs WT, two tails).**DOI:** [http://dx.doi.org/10.7554/eLife.06057.009](10.7554/eLife.06057.009)10.7554/eLife.06057.010Figure 3---figure supplement 1.(**A**) Plasmid segregation defects in Scc4-conserved patch mutants.Plasmid segregation in the absence of selection was measured in a *chl4Δ* strain and in strains with the listed Scc4 amino acid substitutions (error bars indicate SD; \*p \< 0.05, Student\'s t-test vs WT, two tails). The dotted line shows the rate of plasmid segregation in a WT background. (**B**) Plasmid missegregation was measured for the indicated strains (*scc4*^*m3*^---*scc4*^*F324A;\ K327D;\ K331D*^; n.s. indicates p \> 0.05). (**C**) DNA content was measured by flow cytometry in log-phase cultures of homozygous diploids with the indicated genotypes.**DOI:** [http://dx.doi.org/10.7554/eLife.06057.010](10.7554/eLife.06057.010)

Strains lacking the Ctf19 complex subunit Chl4 (CENP-N in humans) are defective in centromeric cohesin loading because they cannot preferentially localize Scc2/4 to centromeres, although cohesin loads normally elsewhere in the genome ([@bib10]). To determine whether the Scc4-conserved patch functions in the same pathway as Chl4, we introduced the *scc4*^*m3*^ mutation into a *chl4Δ* strain and tested for its effect on plasmid segregation ([Figure 3C](#fig3){ref-type="fig"}). Inclusion of *scc4*^*m3*^ does not augment the severe plasmid loss phenotype caused by *CHL4* deletion. This relationship also holds true for *scc4*^*m7*^ ([Figure 3---figure supplement 1B](#fig3s1){ref-type="fig"}). Strains lacking Chl4 have extended metaphase spindles, and this phenotype corresponds to weakened centromeric cohesion ([@bib9]; [@bib20]). We found that an *scc4*^*m3*^-bearing strain exhibited increased inter-spindle pole distances and that the *scc4*^*m3*^ mutation did not exacerbate the spindle extension phenotype of a *chl4Δ* strain ([Figure 3D](#fig3){ref-type="fig"}). Moreover, GFP-labeled sister centromeres ([Figure 4---figure supplement 1A](#fig4s1){ref-type="fig"}), but not chromosome arms ([Figure 4---figure supplement 1D--G](#fig4s1){ref-type="fig"}), were separated more frequently and to greater distances in strains mutated at 5 positions in the conserved patch on Scc4 (*scc4*^*F324A;\ K327A;\ K331A;\ K541A;\ K542A*^; *scc4*^*m35*^). We conclude that the conserved Scc4 patch promotes centromeric cohesion and that it does so in a manner that may also depend on *CHL4*.

Scc4 mutations disrupt centromeric cohesin loading {#s2-4}
--------------------------------------------------

These results suggest that interactions at the Scc4-conserved patch target Scc2/4 specifically to centromeres. To test this hypothesis, we measured Scc2 and cohesin localization by chromatin immunoprecipitation (ChIP). Perturbation of the conserved patch (either *scc4*^*m35*^ or *scc4*^*m7*^) eliminates centromeric localization of Scc2 in mitotic cells and reduces association of the cohesin subunit, Scc1, with the centromere and pericentromere, but not with chromosome arms ([Figure 4B,C](#fig4){ref-type="fig"}, [Figure 4---figure supplement 2A--D](#fig4s2){ref-type="fig"}). We also observed this pattern of Scc2 localization in cells progressing through S phase ([Figure 4---figure supplement 2E,F](#fig4s2){ref-type="fig"}), the stage at which cohesin loading is initiated ([@bib18]; [@bib24]).10.7554/eLife.06057.011Figure 4.Defective centromeric cohesin loading in Scc4 conserved patch mutants.(**A**) Sister centromeres (*+2.4CEN4-GFP*) are separated earlier and more frequently in an *scc4*^*m35*^ strain entering the cell cycle after a G1 arrest. *pMET-CDC20* strains of the indicated genotypes (gray---wild type; magenta---*SCC4* integrated; blue---*scc4*^*m35*^ integrated) were arrested in G1 with alpha factor and released into the cell cycle in the presence of methionine to repress *CDC20* expression. Solid lines show the percent of cells with separated *CEN4* dots, and dotted lines show the percent of cells with separated spindle pole bodies (Spc42-tdTomato). (**B**) Strains of the indicated genotypes and either Scc2-His6-3FLAG (top) or Scc1-6HA (bottom) were arrested in metaphase of mitosis following treatment with nocodazole and benomyl (to depolymerize microtubules). Cells were harvested after 2 hr. Anti-FLAG or anti-HA antibodies were used for ChIP, and pulldown samples were analyzed by qPCR. Mean values of four independent experiments are shown (error bars indicate ±SD; \* p \< 0.05; \*\*p \< 0.01 paired two-tailed t-test). (**C**) Schematic of a fragment of chromosome IV showing the location of qPCR amplicons used in (**B**). (**D**) Scc1 enrichment in a 50-kb domain surrounding all 16 budding yeast centromeres is shown for wild-type and *scc4*^*m35*^ cells. For both wild type and *scc4*^*m35*^*,* the ratio of reads (normalized to RPM) over input in a 100-bp window was calculated separately for each chromosome at the indicated position. The median count value for each window was then plotted to give a composite view of all 16 pericentromeres. (**E**) Scc1 enrichment along chromosome V together with a magnification of a 50-kb region including the centromere is shown. The number of reads at each position was normalized to the total number of reads for each sample (RPM: reads per million) and shown in the Integrated Genome Viewer from the Broad Institute ([@bib33]). (**F**) Live cell imaging of homozygous diploid cells expressing Scc2-GFP, Mtw1-tdTomato to mark centromeres, and the indicated version of Scc4 (left---wild type; right *scc4*^*m7*^). GFP dots observed in wild-type cells are marked with white arrows in the first frame in which they are visible, and these foci were not observed in *scc4*^*m7*^ cells. Time is given relative to the start of the imaging session (hr:mm). (**G**) Quantification of live cell imaging. At least 10 budding cells per field (three fields of view each for each strain for three separate experiments) were scored for the presence of an Scc2-GFP focus (error bars indicate ±SD; \*p \< 0.005, two-tailed t-test).**DOI:** [http://dx.doi.org/10.7554/eLife.06057.011](10.7554/eLife.06057.011)10.7554/eLife.06057.012Figure 4---figure supplement 1.Spindle pole and CEN separation but not chromosome arm separation in an Scc4-conserved patch mutant.(**A**--**B**) Quantification of *CEN4* (**A**) and SPB (**B**) spreading observed in [Figure 4A](#fig4){ref-type="fig"}. Representative live cell images are shown at right (green---centromeres; red---Spc42---spindle poles). (**C**) Budding index corresponding to measurements shown in [Figure 4A](#fig4){ref-type="fig"}. (**D**--**G**) Cells of the indicated genotypes carrying *pMET-CDC20*, *SPC42-tdTomato*, and GFP at various loci were arrested in G1 with α-factor and released into the medium containing methionine. Percentages of separated GFP loci were scored at the indicated time points with *tet* operators integrated at: (**A**) *+4.5CEN6-GFP* in wild type (AM5329) and *scc4*^*m35*^ (AM15971); (**B**) *−12.6CEN5-GFP* in wild type (AM5545) and *scc4*^*m35*^ (AM16203); (**C**) *−17.8CEN5-GFP* in wild type (AM5533) and *scc4*^*m35*^ (AM15973); and (**D**) *URA3-GFP* in wild type (AM1081) and *scc4*^*m35*^ (AM16084). Distances are given from the start of the *tetO* array from the centromere.**DOI:** [http://dx.doi.org/10.7554/eLife.06057.012](10.7554/eLife.06057.012)10.7554/eLife.06057.013Figure 4---figure supplement 2.Scc2 and Scc1 association with centromeres and chromosome arms.(**A**) Strains from [Figure 4B](#fig4){ref-type="fig"} were arrested in metaphase of mitosis following treatment for 2 hr with nocodazole and benomyl (to depolymerize microtubules). Anti-FLAG (top) or anti-HA (bottom) antibodies were used for ChIP, and samples were analyzed by qPCR. Mean values of four independent experiments are shown (error bars indicate ±SD; \* p \< 0.05; \*\*p \< 0.01 paired two-tailed t-test). (**B**--**C**) Whole cell extracts from strains used in (**A**) were analyzed by Western blot for expression of Scc2-6HIS-3FLAG (**B**), Scc1-6HA (**C**), and Pgk1. (**D**) Strains AM1176 (no tag), AM6006 (SCC2-6HIS-3FLAG), AM15307 (SCC2-6HIS-3FLAG SCC4) and AM17882 (SCC2-6HIS-3FLAG scc4m7) or Strains AM1176 (no tag), AM1145 (SCC1-6HA), AM15540 (SCC1-6HA SCC4) and AM17885 (SCC1-6HA scc4m7) were arrested in metaphase of mitosis following treatment with nocodazole and benomyl (to depolymerize microtubules). Cells were harvested after 2 hr. Anti-FLAG or anti-HA antibodies were used for ChIP, and samples were analysed by qPCR. Mean values of four independent experiments are shown (error bars indicate ±SD; \*p \< 0.05; \*\*p \< 0.01 paired two-tailed t-test). (**E**) Strains shown are AM1176 (no tag), AM6006 (SCC2-6HIS-3FLAG), AM15307 (SCC2-6HIS-3FLAG SCC4), and AM15311 (SCC2-6HIS-3FLAG scc4-m35). Cells were first arrested in G1 using alpha factor and harvested 15 min after release from G1. An anti-FLAG antibody was used for ChIP, and isolated chromatin was analyzed by qPCR. Mean values of four independent experiments are shown (error bars indicate ±SD; \*p \< 0.05; paired two-tailed t-test). Cells were stained with propidium iodide and analyzed by flow cytometry (FACS) to confirm entry into S phase. Samples were taken prior to release from G1 (0 min) and 15 min after release. (**F**) Cells were stained with propidium iodide and analyzed by flow cytometry (FACS) to confirm entry into S phase. Samples were taken prior to release from G1 (0 min) and 15 min after release.**DOI:** [http://dx.doi.org/10.7554/eLife.06057.013](10.7554/eLife.06057.013)10.7554/eLife.06057.014Figure 4---figure supplement 3.Scc1 is reduced around all 16 individual centromeres in *scc4*^*m35*^ cells.ChIP-seq data from [Figure 4D,E](#fig4){ref-type="fig"} is shown for each individual centromere. Transformed sample-to-input ratios are shown for a 20-kb region surrounding each centromere (blue---wild type; red; *scc4*^*m35*^).**DOI:** [http://dx.doi.org/10.7554/eLife.06057.014](10.7554/eLife.06057.014)

We further analyzed Scc1 localization by ChIP followed by high-throughput sequencing (ChIP-seq) and found that all 16 centromeres were specifically depleted of Scc1 in the *scc4*^*m35*^ background ([Figure 4---figure supplement 3](#fig4s3){ref-type="fig"}). Scc1 depletion extended roughly 10 kilobases to either side of the core centromere but not to chromosome arms ([Figure 4D,E](#fig4){ref-type="fig"}). Moreover, centromeric Scc2-GFP signal, normally visible in wild-type cells and eliminated by *CHL4* deletion ([@bib10]), was lost upon mutation of the Scc4-conserved patch ([Figure 4F,G](#fig4){ref-type="fig"}). These results indicate that, like Chl4, a specific interaction surface on Scc4 is required to target cohesin loading to centromeres.

Discussion {#s3}
==========

Cohesin targeting to specific genomic locations is required in all species for robust centromeric cohesion and for tissue-specific transcriptional programs in multicellular organisms ([@bib17]; [@bib8]). DNA sequences per se do not drive cohesin loading ([@bib28]; [@bib23]). Instead, targeting likely depends on interactions between the loading complex and chromatin-associated factors. We have determined the structure of Scc4 bound to a minimal fragment of Scc2, and we have used this structure to derive separation of function alleles that uncouple cohesin loading from cohesin targeting to centromeres. These experiments demonstrate that cohesin targeting in yeast depends on Scc4. This finding is consistent with unpublished genetic evidence for an Scc4-dependent cohesin localization pathway (Nasmyth, personal communication). Because the pathway that targets cohesin to centromeres requires Scc4 residues that are, in some cases, invariant across diverse eukaryotes, we suggest that the Scc4-dependent cohesin targeting we describe is a general feature of the control of cohesin loading.

Consistent with previous reports ([@bib10]; [@bib24]), we find that the centromeric enrichment of cohesin loading is not essential for viability and that arm cohesion is unaffected in strains in which this pathway is compromised. These results probably reflect two modes for cohesin loading: one that depends on a conserved patch of Scc4 and happens at centromeres, and a second opportunistic mode that happens everywhere on the chromosome and is sufficient to support viability in the absence of the first mode. If so, Scc4-conserved patch mutations would not eliminate cohesin loading but would redistribute loading events, resulting in similar cohesin levels at centromeres and on chromosome arms. This prediction is borne out both by strains bearing Scc4-conserved patch mutations and by strains lacking *CHL4* ([@bib9]).

Recent reports have shown that cohesin targeting to specific locations along the chromosome arms of fission yeast ([@bib22]) and flies ([@bib27]) is critical for normal three-dimensional chromosome structure. In addition to findings from studies conducted in mammalian cells ([@bib6]), one of these reports ([@bib22]) suggests that cohesin complexes residing at specified sites in the genome function in gene looping and in defining chromosome territories. Because our ChIP-seq experiments show that Scc4 directs cohesin localization to broad centromeric domains but does not affect the local distribution of cohesin peaks, we suggest that the Scc4-dependent localization pathway we discuss here is overlaid upon local determinants of cohesin positioning on chromosomes. These local determinants would be a second level of cohesin regulation, operating at roughly the resolution of the transcriptional units in yeast. Integration of these spatial cues with temporal cues, including the kinase activity of DDK, could then generate the final cohesin distribution observed in metaphase cells. The Scc4-conserved patch presents a possible explanation for how broad cohesin-dense domains may be specified by the cohesion-loading complex, and it provides a molecular foundation for the study of chromatin-associated factors, both known and unknown, that localize cohesin loading.

Materials and methods {#s4}
=====================

Exome analysis {#s4-1}
--------------

Analysis of exome data sets was performed as described ([@bib34]).

Plasmids {#s4-2}
--------

Coding sequences for Scc2 and Scc4 were amplified from yeast genomic DNA and inserted into a modified version of pFastbac (Life Technologies, Carlsbad, CA) suitable for ligation-independent cloning. The expression vector contains an N-terminal 6-His tag followed by a TEV protease sequence. Full-length Scc4 and fragments of the Scc2 coding sequence were cloned by the same procedure into a bacterial expression vector for expression from a single mRNA. The coding sequences for both genes were augmented such that each contains an N-terminal 6-His tag followed by a TEV protease cleavage site.

For complementation experiments, the Scc2 or Scc4 locus was amplified from *Saccharomyces cerevisiae* genomic DNA by PCR and cloned by restriction digest into a plasmid containing a CEN-ARS cassette and a selectable auxotrophic marker (LEU2). Genomic regions included were as follows: Scc2---chrIV:820797--825978; Scc4---chrV:465380--462755. We used PCR stitching and isothermal assembly to generate mutated versions of these constructs.

Yeast strains and culture conditions {#s4-3}
------------------------------------

Yeast strains bearing Scc4 point mutations or gene deletions were constructed using PCR methods as previously described ([@bib21]). All Scc4-conserved patch mutations described in this text were achieved by replacement of the native *SCC4* locus. Viability of s288c strains expressing *SCC4* mutants was first confirmed by complementation of *pGAL1*-*SCC4* repression as shown for [Figure 2---figure supplement 3](#fig2s3){ref-type="fig"} using plasmids bearing the *SCC4* chromosomal locus. Viability of the *scc4*^*m7*^ strain was determined by FACS analysis of homozygous diploid cells and during strain construction by sequential sporulation of the diploid imaging strains. To generate w303 strains carrying *scc4* alleles, diploid strain (AM14499) carrying a heterozygous deletion (*scc4Δ::KanMX6)* was transformed with a PCR product corresponding to full-length *SCC4* (or its mutant derivatives) and a downstream marker (*HIS3*). G418-sensitive, histidine prototrophs were sporulated, and *SCC4* mutations were confirmed in the haploids by sequencing. All Scc2-GFP strains are derivatives of Scc2-GFP from the Yeast GFP Clone Collection ([@bib15]). Strains for live cell imaging were constructed by integration of an Mtw1-tdTomato PCR into the Scc2-GFP strain followed by mating to achieve the final diploid strains. Plasmid segregation experiments were performed essentially as described previously ([@bib13]).

Auxin-inducible degron-tagged Scc2 (*SCC2-AID*) was generated using PCR methods ([@bib26]). For complementation assays, *SCC2-AID* cells bearing a CEN-ARS (Chr VI) plasmid encoding Scc2 flanked by its native control elements were grown to mid-log phase in synthetic complete (SC) medium lacking leucine (to select for the plasmid). Cells were plated in a fivefold dilution series on a solid SC medium lacking leucine and supplemented with the indicated amount of 1-Naphthaleneacetic acid (Auxin; Sigma-Aldrich, St. Louis, MO). Benomyl and nocodazole were used at 30 μg/ml and 15 μg/ml, respectively.

Protein expression and purification {#s4-4}
-----------------------------------

Recombinant baculoviruses for His6-Scc2 and His6-Scc4 were amplified separately in Sf21 cells (Life Technologies) for three passages. For protein expression, *Trichoplusia ni* cells grown in suspension in Ex-Cell405 medium (Sigma--Aldrich) were infected with equal amounts of both viruses, and cells were pelleted and resuspended for freezing in lysis buffer (40 mM HEPES pH 7.5, 20 mM imidazole, 50 mM NaCl, 10% glycerol, and 2 mM β-mercaptoethanol) after 72 hr. Upon thawing and addition of protease inhibitors (4 μM aprotinin, 1 μM leupeptin, 1.4 μM pepstatin, and 1 mM PMSF), NaCl was added to a final concentration of 800 mM, and cells were broken by Dounce homogenization and sonication. Insoluble material was pelleted by centrifugation for 30 min at 18,000 rpm in a JA-20 rotor (Beckman-Coulter, Pasadena, CA). 6-His-tagged Scc2/4 complexes were isolated from the supernatant by Co^2+^ affinity chromatography followed by ion exchange chromatography (HiTrap SP HP, GE Healthcare, UK) and size exclusion chromatography (Superdex 200 20/16, GE) in gel filtration buffer (20 mM Tris--HCl pH 8.5, 200 mM NaCl, 1 mM TCEP).

To isolate Scc2^N^--Scc4 complexes, polycistronic expression vectors (described above) encoding these proteins under the control of a single T7 promoter were transformed into the *Escherichia coli* strain Rosetta 2(DE3)pLysS (Millipore, Billerica, MA), and protein expression was induced with 400 μM IPTG at an OD600 of approximately 0.5. Bacterial cultures were further incubated overnight at 18°C. Cells were resuspended and frozen in lysis buffer containing 800 mM NaCl. Upon thawing and addition of protease inhibitors, cells were lysed by sonication, and 6-His-tagged proteins were purified as described for full-length Scc2/4. Selenomethionine-derivatized (SeMet) Scc2^181^-Scc4 samples were prepared as described for native protein samples with the exception that growth medium was prepared as described previously ([@bib13]).

Electron microscopy and SEC-MALS {#s4-5}
--------------------------------

Purified Scc2/4 was diluted in gel filtration buffer and adsorbed to glow discharged carbon-coated copper grids. After staining with 0.75% (wt/vol) uranyl formate, grids were imaged using a CM10 electron microscope (Philips, Amsterdam).

For size exclusion chromatography coupled to multiple angle light scattering (SEC-MALS), experiments were performed essentially as described previously ([@bib13]) with the exception that a 3-ml size exclusion column was used for analysis of truncated Scc2^N^--Scc4 complexes (Superdex 200 5/150 GL; GE Healthcare).

Crystallization and structure determination {#s4-6}
-------------------------------------------

Crystals of Scc2^1--181^-Scc4 formed overnight at 18°C. For native crystals, the protein was concentrated in gel filtration buffer to 18 mg/ml and mixed in a 1-to-1 ratio (vol:vol) with crystallization buffer (0.2M ammonium sulfate, 16% \[wt:vol\] PEG 3350). Crystals were washed first in wash buffer (160 mM NaCl, 16 mM Tris--HCl pH 8.5, 1 mM TCEP, 14.4% PEG 3350, and 0.16M ammonium sulfate) and then in wash buffer supplemented with 30% (vol:vol) glycerol before flash freezing in liquid nitrogen. SeMet-derivative crystals were concentrated to 18 mg/ml, and diffracting crystals formed in crystallization buffer with 20% (wt:vol) PEG 3350. These crystals were frozen as described for native versions. All diffraction data were collected on NE-CAT beamline 24ID-E. Data were indexed and scaled with XDS (SeMet) ([@bib16]) or HKL2000 (native data) ([@bib29]).

The structure of Scc2^1--181^-Scc4 was initially determined by SAD. To locate selenium atoms, we used SHELXD as implemented by HKL2MAP ([@bib31]). A search for 20 heavy atom sites with a resolution cutoff of 4 Å yielded a solution with 28 heavy atom positions. A truncated list of coordinates for 18 heavy atoms was used to generate an initial map at 3 Å resolution using Phenix Autosol ([@bib1]). After density modification using Resolve (as implemented by Phenix), the map displayed extensive density corresponding to alpha helices. Placement of ideal helices and refinement using Phenix Refine yielded a partial structure, which was then used as a search model for phase determination by molecular replacement using a high-resolution native data set and Phaser-MR. During later stages of refinement, riding hydrogens were included, and TLS groups were invoked for Scc4 ([@bib30]). Crystallography statistics are shown in [Table 2](#tbl2){ref-type="table"}, and the coordinates have been deposited in the Protein Data Bank, accession number 4XDN.10.7554/eLife.06057.020Table 2.Crystallographic data collection and refinement statistics**DOI:** [http://dx.doi.org/10.7554/eLife.06057.020](10.7554/eLife.06057.020)Scc2^1--181^; Scc4 (SeMet)Scc2^1--181^; Scc4 (Native)Data collection Resolution (Å)30.0--2.8178--2.0 Wavelength (Å)0.9792100.979240 Space groupP2~1~2~1~2~1~P2~1~ Unit cell dimensions (a, b, c) (Å)58.6, 89.0, 178.051.9, 178.1, 52.7 Unit cell angles (α, β, γ) (°)90, 90, 9090, 111.7, 90 I/σ (last shell)11.6 (1.9)6.0 (1.3) R~sym~ (last shell) (%)14.1 (92.3)11.0 (72.9) Completeness (last shell) (%)99.7 (90.0)93.0 (89.7) Number of reflections168241154940  unique2346050878 Number of Se sites18--Refinement Resolution (Å)--28.7--2.1 Number of reflections--47188  working--45322  free--1866 R~work~ (last shell) (%)--18.5 (28.7) R~free~ (last shell) (%)--21.0 (28.0)Structure Statistics Number of atoms (protein)--5845  sulfate--24  solvent--301 r.m.s.d. bond lengths--0.004 r.m.s.d. bond angles--0.661

Spindle pole separation assay {#s4-7}
-----------------------------

Log-phase cultures grown in SC medium were arrested in S phase with 10 mg/ml hydroxyurea for 90 min. Cells were fixed at room temperature for 10 min with 3.7% formaldehyde, washed twice with phosphate buffered saline, pH 8.5, and resuspended in wash buffer containing 1.2 M sorbitol. Cells were immobilized on concanavalin-A-coated cover slips and imaged using a Nikon Ti motorized inverted microscope with a 60× objective lens (NA 1.4) and a Hamamatsu ORCA-R2 cooled digital camera. Z-stacks (11 × 0.3 µm) were acquired with MetaMorph image acquisition software, and maximum z-projections were generated with ImageJ.

To calculate spindle pole distances, we wrote a Matlab script that identifies Spc110-mCherry foci and calculates a distance to the nearest neighbor for each instance. The list of distances was filtered to remove redundant measurements and to remove measurements arising from S phase spindles that straddled the edge of the image (distance measurements surpassing 32.9 μm).

CENIV dot and Spc42 separation {#s4-8}
------------------------------

Cell growth and measurements were carried out as described previously ([@bib10]). Strain genotypes are listed in the strain table ([Supplementary file 1](#SD1-data){ref-type="supplementary-material"}).

Live cell imaging {#s4-9}
-----------------

Cells were grown in an SC medium overnight and diluted 1:20 (vol:vol) the next morning. After 6 hr, cells were immobilized on concanavilin A-coated cover slips and a fresh SC medium was applied. Experimental and control strains were loaded in adjacent imaging chambers, and cells were maintained at 30°C with high humidity using a Tokai Hit stage top incubator. Live cell images were captured using the imaging setup described above with the exception that Z-stacks (8 × 0.3 µm) were acquired every 8 min. We used exposure times of 10 ms (tdTomato) and 200 ms (GFP) for each image. Maximum intensity projections were generated with ImageJ for each timepoint, and figures were created with Nikon Elements software using identical processing steps and settings for each image.

Chromatin immunoprecipitation and qPCR {#s4-10}
--------------------------------------

ChIP-qPCR and sequencing experiments were carried out as described previously ([@bib10]; [@bib38]). Scripts, data files, and workflows used to create the ChIP-Seq figures can be found on the github repository at <https://github.com/AlastairKerr/Hinshaw2015>. ChIP-Seq data sets have been deposited with the NCBI Gene Expression Omnibus under the accession number GSE68573.

FACS analysis {#s4-11}
-------------

Flow cytometry was performed as previously described ([@bib10]). 5,000 cells were analyzed for each sample.
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The following dataset was generated:

Kim H, Grunkemeyer TJ, Modi C, Chen L, Fromme R, Matz MV, Wachter RM, 2013,Crystal Structure of a reconstructed Kaede-type Red Fluorescent Protein, Least Evolved Ancestor (LEA),<http://www.rcsb.org/pdb/explore/explore.do?structureId=4DXN>,Publicly available at RCSB Protein Data Bank (Accession No: 4DXN).

The following previously published datasets were used:

Samocha, 2013,database of Genotypes and Phenotypes (dbGaP),<http://www-ncbi-nlm-nih-gov.ezp-prod1.hul.harvard.edu/projects/gap/cgi-bin/study.cgi?study_id=phs000298.v1.p1>,Publicly available to query here: <http://atgu.mgh.harvard.edu/webtools/gene-lookup/>.

Pernigo S, Lamprecht A, Steiner RA, Dodding MP, 2013,Crystal structure of the TPR domain of kinesin light chain 2 in complex with a tryptophan-acidic cargo peptide,<http://www.rcsb.org/pdb/explore/explore.do?structureId=3ZFW>,Publicly available at RCSB Protein Data Bank (Accession No: 3ZFW).

Zhu J, Wen W, Zheng Z, Shang Y, Wei Z, Xiao Z, Pan Z, Du Q, Wang W, Zhang M, 2011,Structures of the LGN/NuMA complex,<http://www.rcsb.org/pdb/explore/explore.do?structureId=3RO2>,Publicly available at RCSB Protein Data Bank (Accession No: 3RO2).
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eLife posts the editorial decision letter and author response on a selection of the published articles (subject to the approval of the authors). An edited version of the letter sent to the authors after peer review is shown, indicating the substantive concerns or comments; minor concerns are not usually shown. Reviewers have the opportunity to discuss the decision before the letter is sent (see [review process](http://elifesciences.org/review-process)). Similarly, the author response typically shows only responses to the major concerns raised by the reviewers.

Thank you for sending your work entitled "Structural evidence for Scc4-dependent localization of cohesin loading" for consideration at *eLife*. Your article has been favorably evaluated by James Manley (Senior editor) and three reviewers, including Kim Nasmyth and Leemor Joshua-Tor, who is a member of our Board of Reviewing Editors. However, a number of points require attention, as described below.

The Reviewing editor and the other reviewers discussed their comments before we reached this decision, and the Reviewing editor has assembled the following comments to help you prepare a revised submission.

This paper reports on a crystal structure of a complex, between Scc4 and the N-terminus of Scc2. The Scc2/4 complex is essential for loading cohesin onto chromosomes. It has also been implicated in regulating chromosome structure and in controlling gene expression. Haplo-insufficiency of its Scc2 subunit (Nipbl) causes Cornelia de Lange syndrome in humans, an effect thought but not yet proven to be due to subtle defects in cohesin\'s genomic distribution. It has been proposed but not yet proven that cohesin loading corresponds to entrapment of DNAs by cohesin rings. If so, the function of Scc2/4 must be to facilitate DNA entry, presumably by opening transiently one of the interfaces connecting its Smc1, Smc3, and kleisin subunits. It has been reported that Scc2\'s ortholog in *S.pombe*, Mis4, can promote the stable association of cohesin with DNA in vitro in the absence of Scc4 but whether this association is truly topological is not known. How then does Scc2/4 facilitate cohesin loading and what is the function of Scc4 if it is not directly involved in the loading reaction? These are questions of central importance for the cohesin field and, because cohesin is just one of several related Smc/kleisin complexes, a topic of broad general interest for the field of chromosome biology.

The reviewers felt that the structure is an important advance to the field; however, the functional experiments are not performed using state of the art methodologies, as will be elaborated upon below, and the conclusions based on them do not appear to be justified by the data presented in the paper. Many of these should be straightforward to rectify and the authors are encouraged to consider resubmission upon completion of the following:

1\) More extensive mutagenesis of the surface on Scc4.

2\) Since ChIP with Scc2 is unreliable, results should be backed up by live cell imaging, which is more reliable and a better reflection of what is going on in the cell. This should be done using state of the art imaging (see point 8).

3\) Whole genome comparisons of ChIP data would be a more rigorous way of demonstrating that Scc4 is concerned with loading cohesin around centromeres and not along arms. Such a conclusion is hard to make merely on the basis of analyzing a few sequences.

Major comments:

The structure reveals that Scc4 forms a superhelical array of TPR modules, as predicted from sequence analyses, and that the N-terminal residues of Scc2 snake along its inner cavity, which is entirely novel information. As might be expected, mutation of conserved residues within Scc2\'s NTD making contact with Scc4 compromise viability, as does deletion of the entire NTD. This is not unexpected as Scc4 itself is an essential gene. Mapping sequence variation onto the Scc4 structure revealed a cluster of highly conserved surface residues, mainly basic and hydrophobic. One might think therefore that this would prove to be a key surface through which Scc4 facilitates cohesin loading. Strangely, mutation of five residues within this conserved patch was not lethal (though the documentation here was inadequate). It did however appear to compromise recruitment of Scc2 to centromeres and to reduce the loading of cohesin onto peri-centric DNAs but not onto chromosome arms. Curiously, the anomaly of the most conserved part of Scc4 not being essential for loading cohesin onto chromosomes is not discussed in the manuscript, which is odd. The paper concludes that Scc4\'s conserved patch is required for peri-centric cohesin loading but not for a second "opportunistic" mode that occurs elsewhere on the chromosome (note that it is this second so called opportunistic mode that seems essential!). The paper also concludes that one of the functions of Scc4 is to mediate Scc2 stabilization, a statement for which there was no adequate justification. Though the structure appears to imply that this would be the case, this should be supported by some biochemical data (see below).

The claim that Scc4\'s conserved patch is not in fact essential for its function is a surprising one. Bold claims require exceptional documentation and sadly this is lacking here. From the structural figure supplied and the accompanying sequence variation, it would appear that L256, Y298, K299, Y313, F324, K327, and possibly K331 are the key surface conserved residues. And yet, for some reason the mutant Scc4 with the most extensive alterations in its conserved patch was *scc4*^*m35*^, which contained F324A, K324A (presumably this should be K327A -typo?), K331A, K541A, and K542A. In other words, several of the key residues within the patch were left unmutated while residues that appear less conserved (K541 and K542, only conserved in *S. cerevisiae* like yeasts according to the figure) were mutated. If one wished to establish whether or not the conserved patch really is non-essential and has a specialized role in recruiting cohesin to centromeres, then one really needs to obliterate the nature of this surface and see whether the same results are obtained. What if mutating L256, Y298, K299, Y313, F324, K327, and K331 simultaneously were lethal? Would this not greatly alter the thrust of the paper and the interpretation of the results? Would it not imply that in fact, *scc4*^*m35*^ is a hypomorph (with regard to the function of the conserved patch) and that the selective reduction in cohesin loading at centromeres arises because efficient loading at this location is more sensitive to a partial loss of function than loading along chromosome arms? This is a serious issue but not one that would require an inordinate amount of work to address. Making such mutants, characterizing their (non-?) effect on Scc2/4 complex formation in vivo, and a far more careful analysis of their phenotypes rigorously at the genomic level and by live imaging should be a high priority.

Specific comments:

1\) The analysis of the effect of mutations within Scc2 that alter conserved Scc4 contact residues (Results) is not state of the art and raises important issues. First of all, the figure is of poor quality. Second, one should not use plasmids to do this type of analysis. As the authors subsequently point out, plasmid borne SCC2 supposedly bypasses the need for SCC4. Why, if the N-terminal domain of Scc2 is concerned solely with Scc4 binding and if plasmid borne SCC2 can suppress lethality due to lack of Scc4, do plasmid born mutant SCC2s that supposedly merely compromise Scc4 binding not suppress lethality due to *SCC2-AID*? Something is badly wrong here, unless there is a misunderstanding of some sort.

Note also that the method of using plasmids is likely to under-estimate the importance of residues that have been mutated. These experiments should be performed by integrating single copy wild type and mutant SCC2 at an ectopic site and testing function by tetrad dissection in a cross heterozygous for an *scc2* deletion. Lastly, it would seem appropriate to test whether the mutations actually affect binding of Scc2\'s NTD to Scc4. This is easy to do and surprising that this was not done.

2\) The claim that SCC2 over-expression bypasses the complete lack of Scc4 is interesting but maybe not too surprising (though see comment 1), but the experiment performed does not prove this. What was shown was that plasmid borne SCC2 can suppress the lethality of GAL-SCC4 cells on glucose. This experiment cannot exclude the possibility that there is minor expression of SCC4 from the GAL promoter and that this contributes to the suppression of lethality. It would be trivial to do this properly, that is, to show that plasmid born SCC2 can suppress the null. This should be done using tetrad analysis not just plasmid shuffle, which can easily lead to the isolation of secondary suppressors.

3\) The statement that finding that SCC2 over-expression suppresses the lack of Scc4 is consistent with the essential function of Scc4 is to stabilize Scc2 is fairly meaningless. If the authors think that this is what is going on, then they need to measure protein stability.

4\) Results. The authors raise the rather interesting possibility that Scc4\'s conserved patch might be involved in binding phosphate groups. This is particularly interesting given that the Cdc7 kinase is required for loading cohesin at centromeres. It is surprising that the paper does not address this issue further. Might the conserved patch be involved in binding a phosphorylated target on the Ctf19 complex?

5\) Also in the Results. The plasmid mis-segregation assay is not a good one, the data not particularly impressive, and adds very little. These low quality experiments rather detract from the fine structural biology. Why not measure chromosome loss properly if this is so important?

6\) In the same section. There appears to be little or no documentation of how the mutations in Scc4\'s conserved patch were made, how expressed, and how their non-lethality was initially determined. This is crucial part of the paper and the main text must explain carefully how this was done.

7\) In the Results. The conclusion that mutations like *scc4*^*m35*^ affect establishment of centromeric cohesion through a Chl4-dependent process is not rigorous. Is it not possible that other hypomorphic mutations of the Scc2/4 complex might have very similar phenotypes according to the experiments described and yet we know that Scc2/4 is required for loading throughout the genome? For example, it would be surprising if scc2-4 would not also have very similar phenotypes on centromeric cohesion. If so, would you conclude that this mutation affected in a specific manner the formation of centromeric cohesion? These results per se do not "strongly suggest that the Scc4 conserved patch targets Scc2/4 specifically to centromeres". A close look at the data in [Figure 4A](#fig4){ref-type="fig"} suggests a slightly longer inter-SBP distance with the double mutant compared to single mutants. But there is nothing to compare a synthetic effect with, such as another mutant that would provide a longer inter-SPB distance when coupled with a *chl4* deletion. The phenotype of *chl4* mutants is stronger than that of *scc4*^*m3*^ mutants and it is therefore hardly surprising that chl4 is epistatic to *scc4*^*m3*^.

Such a result could arise whether or not *scc4*^*m3*^ worked exclusively via Chl4 or not.

8\) The experiments claiming that *scc4*^*m35*^ compromises Scc2\'s recruitment to centromeres and selectively reduces peri-centric cohesin loading are not state of the art. First, there are major problems with analysing the distribution of Scc2 using ChIP. This problem afflicts data from a variety of organisms, not just yeast. The problem is that Scc2 is not stably associated with chromatin like cohesin. The only reliable method of documenting Scc2\'s localization at centromeres is to use live imaging, which avoids the countless pitfalls associated with ChIP. Fortunately, this can be readily done with *S. cerevisiae* where Scc2-GFP co-localizes with centromeres for much of the cell cycle and the centromeres are conveniently all clustered. The analysis performed here is of very poor quality. The images are not believable. It should be possible, especially if one uses diploids, to observe clear images in all cells post S phase and pre-anaphase. To distinguish mutant and wild type strains, these need to be differentially marked so that they can be placed on the same slide and imaged together and thereby compared rigorously. Moreover, the centromeres need to be marked separately in an unambiguous manner. The second problem concerns the use of QPCR ChIP to analyse cohesin\'s genomic distribution. In this day and age, it is not sufficient to draw major conclusions about the genomic distribution of proteins without analysing this using ChIP-seq. This would be easy to do.

10.7554/eLife.06057.018

Author response

*1) More extensive mutagenesis of the surface on Scc4*.

We have constructed strains bearing substitutions at seven of the most conserved amino acid residues that line the surface of the Scc4 conserved patch. We have examined several phenotypes relating to sister chromatid cohesion in these strains. We find that the changes at these seven positions, which extensively modify the wild type protein surface at this site on Scc4, yield strains that are fully viable: the only phenotypes we observe are consistent with a specific inability to enrich cohesin at centromeres and pericentromeres. Moreover, we find that recombinant Scc4-Scc2^1-181^ protein complexes expressed in *E. coli* behave essentially identically regardless of the status of the Scc4 conserved patch. We have included these experiments in the revised version of our manuscript ([Figure 1--figure supplement 1B](#fig1s1){ref-type="fig"}; [Figure 3--figure supplement 1B-C](#fig3s1){ref-type="fig"}; [Figure 4F-G](#fig4){ref-type="fig"}; [Figure 4--figure supplement 2D](#fig4s2){ref-type="fig"}). We conclude that the conserved surface of Scc4 has a specific role in Scc2/4 localization but is not otherwise required for cohesin loading.

*2) Since ChIP with Scc2 is unreliable, results should be backed up by live cell imaging, which is more reliable and a better reflection of what is going on in the cell. This should be done using state of the art imaging (see point 8)*.

To address this point, we have generated new imaging strains and examined Scc2 localization to centromeres in the wild type and Scc4-mutant backgrounds ([Figure 4F](#fig4){ref-type="fig"}). Consistent with our initial observations, we find that centromeric Scc2-GFP foci are observed only in wild type cells and not in cells with the native copy of *SCC4* replaced by *scc4*^*m7*^. A more detailed discussion of these experiments follows in our response to point 8 of the reviewer\'s comments, below.

3\) Whole genome comparisons of ChIP data would be a more rigorous way of demonstrating that Scc4 is concerned with loading cohesin around centromeres and not along arms. Such a conclusion is hard to make merely on the basis of analyzing a few sequences.

To analyze cohesin localization genome-wide, we have sequenced chromosomal DNA that purifies with Scc1 (ChIP-seq) in strains expressing either wild type or mutant Scc4 from its endogenous locus ([Figure 4D-E](#fig4){ref-type="fig"}; [Figure 4--figure supplement 3](#fig4s3){ref-type="fig"}). We find that Scc1 localization across the genome is identical in the wild type and *scc4*^*m35*^ backgrounds with the exception of centromeres and ∼10kb of surrounding DNA on either side. These experiments provide evidence for a specific function of the conserved surface of Scc4 in enrichment of cohesin at centromeric regions.

One of the reviewers had extensive and very helpful comments, to which we respond in detail below.

*Specific comments*:

*1) The analysis of the effect of mutations within Scc2 that alter conserved Scc4 contact residues (Results) is not state of the art and raises important issues. First of all, the figure is of poor quality. Second, one should not use plasmids to do this type of analysis. As the authors subsequently point out, plasmid borne SCC2 supposedly bypasses the need for SCC4. Why, if the N-terminal domain of Scc2 is concerned solely with Scc4 binding and if plasmid borne SCC2 can suppress lethality due to lack of Scc4, do plasmid born mutant SCC2s that supposedly merely compromise Scc4 binding not suppress lethality due to* SCC2-AID*? Something is badly wrong here, unless there is a misunderstanding of some sort*.

There is indeed some misunderstanding. Our experiments show that an increase in *SCC2* copy number suppresses *SCC4* repression and that restoration of normal Scc2 protein rescues *SCC2-AID* depletion. These observations show that Scc4 likely supports the execution of Scc2's normal function. In the absence of Scc4, more Scc2 is needed to achieve normal function, and with normal levels of Scc2, Scc2-Scc4 contact is required for normal function.

The following comments may further clarify. First, the failure of Scc2^∆138^ to rescue *SCC2-AID* depletion is not total (compare Scc2^∆138^ to vector in [Figure 2--figure supplement 2C](#fig2s2){ref-type="fig"}). Second, while transcriptional repression of *SCC4* does not lead to a complete loss of viability, as pointed out by the reviewers, rescue by increasing *SCC2* dosage does not require the Scc2-Scc4 interaction surface, indicating that an increased dosage of complete Scc2/4 complexes is not a likely explanation for this observation.

*Note also that the method of using plasmids is likely to under-estimate the importance of residues that have been mutated. These experiments should be performed by integrating single copy wild type and mutant SCC2 at an ectopic site and testing function by tetrad dissection in a cross heterozygous for an* scc2 *deletion*.

The experiment we present in [Figure 2--figure supplement 2](#fig2s2){ref-type="fig"} shows that these residues are important, if not essential. We agree with the reviewer that investigation of precise phenotypes arising in cells bearing crippled versions of Scc2 should be the subject of future work, but the data we have presented shows that the interface between Scc2 and Scc4 is critical.

*Lastly, it would seem appropriate to test whether the mutations actually affect binding of Scc2\'s NTD to Scc4. This is easy to do and surprising that this was not done*.

We attempted to perform Scc2-Scc4 association studies in vitro but were not successful. Closure of the Scc2-Scc4 interaction surface, as the structure shows, probably means that these proteins fold together. The mode of association would in any case complicate measurement of Scc2-Scc4 binding upon mixing of individual recombinant components, because it would be hard to establish a condition of equilibrium.

*2) The claim that SCC2 over-expression bypasses the complete lack of Scc4 is interesting but maybe not too surprising (though see comment 1), but the experiment performed does not prove this. What was shown was that plasmid borne SCC2 can suppress the lethality of GAL-SCC4 cells on glucose. This experiment cannot exclude the possibility that there is minor expression of SCC4 from the GAL promoter and that this contributes to the suppression of lethality. It would be trivial to do this properly, that is, to show that plasmid born SCC2 can suppress the null. This should be done using tetrad analysis not just plasmid shuffle, which can easily lead to the isolation of secondary suppressors*.

The experiment we present in [Figure 2--figure supplement 3](#fig2s3){ref-type="fig"} shows that compromised Scc4 can be rescued by increased *SCC2* gene dosage and that this rescue does not require the N-terminus of *SCC2*. This result shows that Scc4 plays a supportive role in Scc2 function. While we offer some speculation on this point, the nature of this support should be the subject of future studies.

*3) The statement that finding that SCC2 over-expression suppresses the lack of Scc4 is consistent with the essential function of Scc4 is to stabilize Scc2 is fairly meaningless. If the authors think that this is what is going on, then they need to measure protein stability*.

We have modified the main text so that it reflects our observations more accurately and to make clear that the comment is speculative (please see the subsection headed "Conserved Scc2-Scc4 contacts").

4\) Results. The authors raise the rather interesting possibility that Scc4\'s conserved patch might be involved in binding phosphate groups. This is particularly interesting given that the Cdc7 kinase is required for loading cohesin at centromeres. It is surprising that the paper does not address this issue further. Might the conserved patch be involved in binding a phosphorylated target on the Ctf19 complex?

We decided that including a thorough discussion of this possibility in our current manuscript would be overly speculative without further evidence for such a mechanism. We have included a brief reference to this model in our updated Discussion section.

*5) Also in the Results. The plasmid mis-segregation assay is not a good one, the data not particularly impressive*, *and adds very little. These low quality experiments rather detract from the fine structural biology. Why not measure chromosome loss properly if this is so important?*

We have moved our previous [Figure 2B](#fig2){ref-type="fig"} to [Figure 3--figure supplement 1A](#fig3s1){ref-type="fig"}, leaving only one panel for the plasmid loss phenotype in the main figures. This assay, a measure of chromosome loss in a physiological sense, gives a robust measure of the key downstream mitotic outcome of the pathway under investigation.

*6) In the same section. There appears to be little or no documentation of how the mutations in Scc4\'s conserved patch were made, how expressed, and how their non-lethality was initially determined. This is crucial part of the paper and the main text must explain carefully how this was done*.

We have updated the Methods section of our manuscript to make clearer our strain construction procedures (please see the subsection headed "Yeast strains and culture conditions").

*7) Results. The conclusion that mutations like* scc4^m35^*affect establishment of centromeric cohesion through a Chl4-dependent process is not rigorous. Is it not possible that other hypomorphic mutations of the Scc2/4 complex might have very similar phenotypes according to the experiments described and yet we know that Scc2/4 is required for loading throughout the genome? For example, it would be surprising if scc2-4 would not also have very similar phenotypes on centromeric cohesion*. *If so, would you conclude that this mutation affected in a specific manner the formation of centromeric cohesion?*

In this manuscript, we provide the first documentation of clear separation of function alleles that are specifically deficient in their inability to designate centromeres as special domains for cohesin loading. We view this as an important contribution, if only because these alleles will allow further investigation of this pathway. Although we suppose it is unlikely that *scc2-4* would show an identical phenotype, this remains to be tested.

*These results per se do not* "*strongly suggest that the Scc4 conserved patch targets Scc2/4 specifically to centromeres*"*. A close look at the data in* [*Figure 4A*](#fig4){ref-type="fig"} *suggests a slightly longer inter-SBP distance with the double mutant compared to single mutants. But there is nothing to compare a synthetic effect with, such as another mutant that would provide a longer inter-SPB distance when coupled with a* chl4 *deletion. The phenotype of* chl4 *mutants is stronger than that of* scc4^m3^*mutants and it is therefore hardly surprising that chl4 is epistatic to* scc4^m3^*.*

*Such a result could arise whether or not* scc4^m3^ *worked exclusively via Chl4 or not*.

We agree that our *CHL4* epistasis experiments are not conclusive proof that the Scc4 conserved patch and Chl4 function in the same pathway. The revised version of our manuscript reflects this uncertainty (please see the subsection headed "A conserved surface patch on Scc4"). We considered the usefulness of a second "off-pathway" mutant to test the range of signal detectable in in these assays. However, we decided that these experiments would be difficult to interpret given limited knowledge of genetic pathways leading to preferential centromeric cohesin loading and their interplay with DNA replication.

We have repeated our measurements of the spindle pole separation phenotype in triplicate and found no observable difference between the *chl4Δ* and *scc4*^*m3*^ *chl4Δ* strains. An updated figure is included in the current version of the manuscript ([Figure 3D](#fig3){ref-type="fig"}).

*8) The experiments claiming that* scc4^m35^ *compromises Scc2\'s recruitment to centromeres and selectively reduces peri-centric cohesin loading are not state of the art. First, there are major problems with analysing the distribution of Scc2 using ChIP. This problem afflicts data from a variety of organisms, not just yeast. The problem is that Scc2 is not stably associated with chromatin like cohesin. The only reliable method of documenting Scc2\'s localization at centromeres is to use live imaging, which avoids the countless pitfalls associated with ChIP. Fortunately, this can be readily done with* S. cerevisiae *where Scc2-GFP co-localizes with centromeres for much of the cell cycle and the centromeres are conveniently all clustered. The analysis performed here is of very poor quality. The images are not believable. It should be possible, especially if one uses diploids, to observe clear images in all cells post S phase and pre-anaphase. To distinguish mutant and wild type strains, these need to be differentially marked so that they can be placed on the same slide and imaged together and thereby compared rigorously. Moreover, the centromeres need to be marked separately in an unambiguous manner*.

We generated diploid yeast strains carrying homozygous copies of Scc2-GFP and Mtw1-tdTomato for simultaneous imaging of kinetochores and Scc2. Diploid cells showed clear GFP foci in nearly all WT cells we examined. In analogous strains bearing homozygous copies of the *scc4*^*m7*^ allele, we found that these foci were absent or diminished beyond the limit of detection. This observation confirms our hypothesis that Scc4 guides Scc2 localization through its conserved patch.

While we were unable to incorporate a third label to allow imaging of both strains in the same field of view, we performed all imaging experiments by placing both strains immediately next to each other on the same cover slip and imaging during the same session with identical microscope and image collection settings. We also repeated the experiment using independently derived strains for each final diploid (distinct haploid precursors), and we made the same observation each time. We therefore conclude that Scc2 is not efficiently recruited to centromeres in strains bearing the *scc4*^*m7*^ mutation.

*The second problem concerns the use of QPCR ChIP to analyse cohesin\'s genomic distribution. In this day and age, it is not sufficient to draw major conclusions about the genomic distribution of proteins without analysing this using ChIP-seq. This would be easy to do*.

We carried out ChIP-seq experiments using a 6xHA-tagged version of Scc1 expressed from its endogenous locus. These experiments show that the SCC4 mutations we report specifically impact cohesin recruitment to centromeres and the surrounding regions. We have included these experiments in the revised version of our manuscript ([Figure 4D-E](#fig4){ref-type="fig"}; [Figure 4--figure supplement 3](#fig4s3){ref-type="fig"}). We have also included a short note on the implications of these experiments in our updated Discussion.
